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Abstract

At the Czech Metrology Institute (CMI) we have developed a precision modular sinewave
generator for impedance ratio bridges. The generator was developed to improve previously
available designs regarding amplitude and phase accuracy, linearity, absolute stability, stability
of the ratio between two outputs and harmonic distortion. It generates up to 7 Vs in a
frequency range from 1 mHz up to 20 kHz, extendable to 100 kHz with small changes to the
filters. The amplitude resolution is better than 0.01 pV V~! of full scale with an output voltage
stability of 0.05 uV V~!/30 min and a stability for the ratio between two outputs of

0.02 x 10~° over several hours. The generator can be powered from internal batteries and is
controlled via optically isolated connections. The internal clock and voltage references can be
replaced by external ones, optically coupled in the case of the clock. In this paper, we discuss
experimental results obtained with the generator used as a signal source in digital impedance
bridges with relative combined uncertainties from 10> down to 108, The generators have been
used in a bridge to drive a quantum Hall resistor in the AC regime. The use of a generator with
an AC quantum voltmeter will also be discussed. The generator is not only applicable in the
field of AC impedance metrology but also for on-site comparisons of AC quantum voltage
standards or, in general, where there is a need for precision voltage sources.

Keywords: signal generator, synthesizer, voltage, calibration, metrology, impedance,
AC Josephson effect

(Some figures may appear in colour only in the online journal)

1. Introduction parameters show insufficient stability. For example, a gen-

erator used in some impedance bridges [3], has 24 bit resolu-
Sinewave voltage generators play an essential role in tion and a spurious-free dynamic range better than 92 dBc at
many electrical measurements where they serve as a signal 1 kHz. However, its applicability is limited by the stability of
source. For various types of impedance bridges, where high  the voltage ratio, at approximately 10 uV V—!. Moreover, the
stability, high resolution, low inter-channel crosstalk, and range of impedance bridges where it can be used is limited
traceability to external references are crucial, commercially by a minimum working load of 600 Q [4]. The need to go
available generators are the limiting factor [1, 2]. It was beyond specifications of series produced commercial gener-
assessed that typically generators with better dynamic ators led several laboratories to the development of dedicated

techniques, e.g. where high frequency resolution (better than

10 uHz [5]) or improved stability (voltage ratio stability of

Original content from this work may be used under the terms -6 .
of the Creative Commons Attribution 4.0 licence. Any fur- two outputs up to 0.01 x 107 for 30 min measurements [6])

ther distribution of this work must maintain attribution to the author(s) and the of output signals was achieved, distortion of sinewave was
title of the work, journal citation and DOIL. lowered [7].
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This paper describes in detail the design of a sinewave
generator (SWGQ), beyond previous design reported in [5, 6],
with high resolution for amplitude and phase angle, operat-
ing from 1 mHz to tens of kHz, and optimized especially
for the audio frequency range. Combining advanced elec-
tronics with an optimized design, we developed a digital
direct synthesis (DDS)-based modular generator with two
output channels in each compact module with stability better
than 0.1 wV V! over one hour (the ratio stability is around
0.01 pV V~! over several hours), a resolution better than
0.01 uV V= of 7 Vs full scale (FS), or 20 Vpp, a pro-
grammable refining of spurious-free dynamic range (SFDR)
and internal/external clock and voltage references. A battery
power option was included to lower noise coupling from the
mains and to omit grounding loops for the most sensitive meas-
urements. Such a generator can be applied in circuits dedic-
ated for measurements of impedance standards defined with
two- or four-terminal pairs [8]. The performance of the gener-
ators has been demonstrated during the development of digital
impedance ratio bridges dedicated for primary impedance
metrology, where various types of loads are present [9, 10],
including quantum Hall effect-based resistance standards [11,
12]. In another application, the generator has been evaluated
recently as a possible transfer standard for AC quantum volt-
meter comparisons [13].

2. General properties

The general properties of the latest version of the generator
(table 1) is the result of an iteration process of improvements
since the original design presented in [9]. Previously, only
10 MHz external reference clock was applicable, synchronized
sweep and suppression of higher harmonics were not imple-
mented, frequency range was limited from 1 Hz up to 20 kHz.
An updated and detailed description follows.

The basic module of the generator is a two-channel voltage
source, powered from the mains or optionally from internal
batteries for full electrical isolation. It can be controlled in two
modes:

e individually from a simple USB to optical fiber converter;

e in connection with an SWG control unit (SCU) for up
to four SWG modules. The SCU contains the USB to
optical fiber converter, a clock distribution network, and
the charger for the batteries. Presently, up to eight sig-
nal channels can be controlled simultaneously from a
single computer program. Further extension is possible
with appropriate modifications.

2.1. Principle of operation

The generator uses DDS and consists mainly of a frequency
reference, a field programmable gate array (FPGA), a sine-
wave look-up table and five digital-to-analog converters (see
figure 1). The frequency reference can be selected either from
an external reference clock source (input ExtCLK) or from
an internal 50 MHz clock oscillator. The external clock can
be driven from a 1, 10 or 20 MHz TTL signal, which is then

Table 1. Properties of the SWG generator (© 2018 IEEE. Updated
reprint, with permission, from [9]).

Characteristic Value

Max. output voltage (FS) 7 Vims

Max. output current 170 mA

Amplitude resolution <0.01 v V~! of FS
Phase resolution 2 x 107" rad

Absolute voltage stability 0.05 x 107 V V~1/30 min
Rel. voltage ratio stability of chan. A/B 0.01 x 107%/30 min
Frequency range 1 mHz to 20 kHz*

SFDR? for sinewave 0.01-7 Vi >95dB @ 100 Hz

>85dB @ 1 kHz
<—150dB @ 1 kHz
<—105dB @ 100 kHz

Not measurable

1/10/20 MHz Ext. or Int.

Crosstalk between channels A and B®

Crosstalk between different modules
Reference clock

Sampling rate 1 MHz

Reference DC voltage 10 Vg Int./5-10 V4. Ext.
Duration of the battery operated mode Upto 8 h

2Optimized for the kHz range. Extendable up to 100 kHz with a
modification of the output filter.
"Without sw optimization and load.
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intREF Invertor LPF 3 mﬂﬂ—,» Amplifier 77%-
H rDAC }
~
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Rx 5
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Figure 1. Diagram of the SWG generator with the red blocks
related to analog signal paths and blue blocks for the digital signal
paths (© 2018 IEEE. Updated reprint, with permission, from [9]).
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divided in the module. Synthesized sinewaves show very clean
spectra (see SFDR in table 1) due to the combination of the
high resolution of the stored sinewave and low clock jitter (the
internal clock has a phase jitter lower than 1 ps). Instead of
the preprogrammed sinewave, an arbitrary waveform can be
stored in the internal memory too.

The two voltage outputs of the SWG share the same DC
voltage reference. Therefore, any voltage drift of the refer-
ence affects both voltage outputs simultaneously and has no
influence on their ratio. This is a crucial property for fully
digital impedance ratio bridges, which will be discussed later.
The voltage reference for digital-to-analog converters (DACs)
can be selected between an internal 10 V (intREF) or a vari-
able external reference (input ExtREF). The temperature of
sensitive parts in the module can be monitored with a built-
in sensor (Temp).
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Figure 2. An example of the generator spectrum with and without
reduction of the first 11 higher harmonic tones for a 1 Vi, signal.

A 20-bit digital-to-analog converter, operating at a
sampling rate of 1 MHz, (DAC in figure 1) is used to gener-
ate each of the two pure sinewave signals with a fixed output
amplitude. A second order low pass filter (LPF) after the DAC
removes higher harmonics from the output signal. Then, the
output amplitude of the channel is set by an 18-bit multiply-
ing circuit (mDAC), followed by a power amplifier based on
bipolar transistors. A voltage sense circuit is implemented to
suppress potential effects of the output circuit on the signal
amplitude.

Including an mDAC as a part of the sinewave generation
circuit allows preserving a high spurious free dynamic range
(SFDR) even for extremely small output voltages. For critical
applications that require pure sinewaves, higher harmonics can
be reduced by combining the original signal with a phase shif-
ted replica of the harmonics [14]. An example at 976 Hz is
shown in figure 2, where the SFDR was increased from 88 dBc
to 108 dBc.

To obtain output resolutions higher than 18 bits, the DAC
reference voltage for each output channel can be adjusted
within a small range by an additional 16-bit circuit (rDAC)
separately. The achieved amplitude resolution of better than
0.01 uwV V~! of FS is a direct result of the combination of
mDAC and rDAC.

The SWG generator includes several measures to protect
connected devices from discontinuities in the output signal.
Any changes to the output amplitude settings are performed
when the signal is crossing zero voltage. Also, phase shifts are
continuous and implemented as a frequency sweep over a short
time. Continuity of the signal, as shown in figure 3, is para-
mount when driving inductive impedances or quantum Hall
devices, where any injected charges can lead to the degradation
or even the destruction of devices. A trigger output or a refer-
ence signal to synchronize, for example, a digitizer or a lock-in
amplifier is supplied by a TTL signal (Sync out) with the same
frequency as the output signal. Different SWG modules can be
programmed simultaneously at different frequencies.

The design of a two-channel module is shown in fig-
ure 4. All controls and connectors are located on the front
panel except for the power supply connectors. The three

10 ju=0Vv U=7Vv

$=180° |

5 b

Output voltage (Vrms)
o

-10 -
Measurement time (s)

Figure 3. An example for a continuous change of the output signal
at 1 Hz frequency, when the amplitude and the phase is modified by
a user (the signal was recorded with a DMM 3458A).

BPO/MUSA connectors are used for channels A, B, and an
optional ground connection. Communication with the control
unit or the computer is performed via fiber optic cables. An
external clock reference can be connected to either a fiber
optic cable or a BNC input. If desired, an external voltage ref-
erence can be used connected using a BNC connector. The
generator is powered from an external power supply (ext-
POW) or an integrated battery pack (intPOW) to minimize
crosstalk between SWG modules and the surrounding environ-
ment (coupling with other devices via mains power). An integ-
rated switchable active air cooling of all inner parts improves
the stability of the output voltage under different loads.

2.2. Stability of the generators

Depending on the target application, both absolute voltage sta-
bility (for voltage applications) and the ratio of two output
voltages (for impedance bridges) are of interest.

2.2.1. Stability of the output voltage. The absolute stability of
the output voltage for a 1 V,n signal (926 Hz) was investigated
with PTB’s AC quantum voltmeter (its principle is described
later in section 4). Figure 5 shows an Allan deviation analysis
for three different cases. Firstly, the generator has been tem-
perature stabilized at about 23 °C to AT = 4+ 10 mK using an
MI thermostat chamber.* The results show very good stability
of 0.03 uV V~! for measurement times of 200400 s. Even
after 1 h, the Allan deviation is at the level of 0.1 uV AV
The blue curve shows a similar measurement with the SWG
operating in a temperature controlled laboratory (23 + 1°C)
and shows comparable performance. Due to time limita-
tions an increase of the Allan deviation for the temperature
stabilized measurement, observed from about 400 s, was not
investigated. As will be discussed in section 4, an external LC
filter was also used, but its temperature dependence limited the
optimum measurement time.

4 Commercial instruments are identified in this paper in order to adequately
specify the experimental setup and does not imply recommendation or
endorsement by the authors.
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Figure 4. View of a SWG generator module without the top cover.
Upper: front view—channel A and B outputs (left), communication
and clock optical fiber cable connectors (right top), external voltage
reference input (center right), status LEDs (bottom right). Lower:
rear view—power supply output for custom electronics (middle),
fan outlet, charger input (right).

2.2.2. Stability of the voltage ratio. The stability of the ratio
between channels A and B in one SWG module was invest-
igated with a coaxial ratio voltage bridge. The reference arms
were based on an inductive voltage divider and the second pair
of arms was formed from channels A and B. A lock-in ampli-
fier synchronized with the generated voltages was used as the
detector in the bridge. Figure 6 shows the Allan deviation ana-
lyses of the relative ratio deviation for voltage ratios N = 1:1
and N = 10:1 with an integration time of 10 s for the lock-in
amplifier. In both cases, a level near 0.01 x 10~ was achieved
within 300 s and remained at this level during the whole exper-
iment. The total measurement time was 19 h for the 1:1 ratio
and 5 h for the 10:1 ratio.

The long-term stability has been investigated by meas-
uring the ratio between FS outputs of three different SWG
modules operating with their internal voltage references and
at frequencies up to 2 kHz. The ratios have deviated from
their averaged value by less than 6 puV V~! over four
years.

2.3. Linearity

Since the accuracy of the ratio measurements is directly lim-
ited by the accuracy of voltage signals in the reference ratio
arms, both the differential and the integral linearity must be
known.

100 L] 1 1

Unit@ 1V, 976.5625 Hz, T=23.5°C
——— Thermostat: AT=1% 10 mK _{
——RT,AT=%1K / \

-RT + LC filter g \

10

Allan deviation (pV)

102

1 10 100 1000
Measurement time (s)

10000

Figure 5. Allan deviation analyses for f = 976.5625 Hz and

Vrms = 1 V. The generator was temperature stabilized in a
thermostat (AT = 410 mK) or just in a temperature-controlled
laboratory (AT = £ 1 K). In addition, the analysis is shown when
the LC filter (0.1 uF-100 nH-1.5 pF) is placed at the output of the
device.
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Figure 6. Allan deviation analyses of the relative deviation from
ratios N = 1:1 and 10:1 at a frequency of 976 Hz. The generator
was in a temperature-controlled laboratory (AT = £0.5 K).

2.3.1. Differential nonlinearity. Beside standard linearity
tests where a reference digitizer with sufficient linearity is
involved, Kucera and Kovac [9]. introduced the idea of testing
discontinuities in the output voltage transfer function (dif-
ferential nonlinearities), and the phase of the generators by
means of simple measurements with two generators and one
lock-in amplifier. The method is focused on determining the
effect of a change in the value of multiple bits on the amp-
litude and the phase error by evaluating the voltage difference
between outputs A and B when mDAC is used to modify the
output amplitude of the generator. Such testing is focused on
the largest differential nonlinearities. These occur when an
increase of the binary code by one least significant bit (LSB)
causes a change of multiple bits (e.g. increase of the binary
code from 01111 to 10000).
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Figure 7. Left: In-phase (E_X) and quadrature (E_Y) voltage errors introduced at 1 kHz in the generator outputs A and B, when the
programmed word in the mDAC is changed from al[1:m—1] + aO[m:18] to al[1:m] + aO[m + 1:18] and from b1[1:m—1] + bO[m:18] to
b1[1:m] 4 bO[m + 1:18], respectively, where al, b1l denotes binary ‘1’ and a0, b0 denotes binary ‘0’ for channels A and B, respectively. The
bit number plotted on the x-axis is the most significant bit which is changed. For example, m = 5 corresponds to a change from code 01111
to 10000. Right: Contribution to the relative error of the output voltage amplitude (evaluated from the data in the left graph).

20
£ 15 3
N -
°o I3
= 2
S ®
210 t
[ * k 3
[<Ys]
2 ; 3 !I
9 05 E 3
s 4 3 3
Z 00 2 i 2 T
£ o !—i—'
o 0001 0.01 01 1 } 10
g -0.5 3
2
10 L 4

Voltage (Vrms)

Figure 8. Integral nonlinearity of the output voltage on channel A
at a frequency of 1 kHz and relative to the FS voltage. The error bars
correspond to the type A uncertainty (k = 2).

Such a measurement was repeated with a new SWG gen-
erators which has been recently fabricated, i.e. with electronic
parts from another fabrication batch, also for the mDAC cir-
cuits shown in figure 7. The left graph shows the absolute
errors for the two outputs in one module in terms of LSBs,
whereas the right graph shows the relative amplitude errors
in wV V~! of FS. The new measurements (figure 7 left) pro-
duced similar results (compare with figure 8 in [9]). The abso-
lute quadrature error E_Y significantly raises for bits higher
than m = 10. Nevertheless, the in-phase amplitude raises with
2™, so the effect of E_Y on the amplitude error is finally small,
lower than 1 wV V—! of FS at the points tested. The expanded
combined uncertainty (k = 2) for the amplitude error is finally
lower than 0.1 LSB for the in-phase and 5 LSB for the quad-
rature components of the output voltage.

2.3.2. Integral nonlinearity. One approach to investigate the
integral linearity of a generator is to measure the SWG output

using a digitizer with known linearity, where the total rms
value or only the amplitude of the first harmonic is evaluated.
For the evaluation of the first harmonic amplitude, a digital
multimeter (DMM) Agilent 3458A in DCV sampling mode
[15] was used. (In the 10 V range, the 3458 A matches the
full scale output of the SWG). The nonlinearity referred to the
FS voltage Ugs is equal to (Uy,—U)/Ugs, where Uy, denotes
the measured voltage and U the configured voltage. Since we
only investigate the linearity of the SWG in this task, we do not
need to take care of the absolute accuracy of the DMM, only
its linearity is important. Here, we assume that our specific
DMM has similar properties as other DMMs of the same type.
Josephson AC voltage sources have been used to check their
linearity as a function of aperture time [ 16, 17]. We assume that
for an aperture time of 80 ps the integral nonlinearity of our
DMM is better than 10 uV V! in the 10 V range for voltages
between atleast 0.1 and 1 of FS (1 V and 10 V in our case). The
results are shown in figure 8 and indicate that the integral non-
linearity of the SWG between 1 mV s and 7 Vi is smaller
than 2 uV V~! of the SWG’s FS. The reference transfer func-
tion for the integral nonlinearity has a conventional end-point
gain correction.

3. The generator as a signal source for digital
impedance bridges

Our generators have been used at NMIs (CMI and KRISS) in
two types of digital bridges, so called fully digital (FD) and
digitally assisted (DA) bridges. These bridges have been repor-
ted in depth in [9, 11, 12], so only the operating principles will
be repeated here and the measuremnt results with the SWG
presented.

3.1 Fully digital bridges

Figure 9 shows the principle diagram of a fully digital
bridge for the ratio measurement of four-terminal pair (4-TP)
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A < D1,D3,D4 D3
<=nm i;

Figure 9. Principle diagram of a fully digital bridge. For simplicity,
coaxial wiring is not shown; black rectangles mean coaxial chokes.
Same numbers i at points Si denote grounding points, which are
common for paired channels A and B. See the text for the
description of the abbreviations.

impedances Z, and Zg. The ratio of the two impedances Zx
and Zg is directly proportional to the output voltages of chan-
nels G2-A and G2-B of a reference generator: As a result, the
stability of the generators has a direct impact on the perform-
ance of the bridge [9]:

Zg/Zn =~ Ugr—8/Ucr—A- (1

In accordance with the 4-TP definition, zero currents should
flow through the high potential arms of Z4, Zg. Hence, the cur-
rent arms formed by G3-A and G3-B are tuned until the current
detectors D3 and D4 read zero. To fulfill theother 4-TP defin-
ition condition the voltage between the inner and outer of the
low potential (LP) port should be zero. First, G2-B is tuned
until the voltage at the Zg LP port is negligible (point D1).
Then, the voltage drop between points D1 and D2 is main-
tained at a negligible level by means of the injection circuit
TR3 with generator G4-B. As a result, the Z, LP port is also
maintained at negligible voltage. All measurement points Di
(i = 1,..., 4) are connected to a lock-in amplifier (LIA in
figure 9) via a coaxial multiplexer. All generators share a com-
mon clock and the lock-in amplifier is synchronized from gen-
erator G1-A. The relative uncertainty for ratio measurements
in such bridges is typically at the level of 107 and can reach
the 107 level for 1:1 ratios. An additional injection circuit,
consisting of transformer TR4 and generator G4-A, reduces
relative uncertainties down to the 1077 level.

An example of the stability of the 100 pF:10 pF ratio
between two Andeen-Hagerling AH11 capacitance standards

1.000
E = FD bridge
e — DA bridge
4= T
=
3 o100
U
: [}
c 3
c 2
o
®  oo0w0fF
>
(3]
o
C
o
<
0.001 . L )
10 100 1000 10000

Measurement time (s)

Figure 10. Allan deviation of an N = 10:1 ratio measurement using
100 pF and 10 pF capacitors at a frequency of 976 Hz. The bridge
voltage for the DA bridge was 1.1 Vs and 3.5 Vs for the FD
bridge.

is shown in red in figure 10. By comparison with the measure-
ments with the digitally assisted bridge, the limitation from
the properties of the generators used, especially the stability
of the A/B voltage ratio stability, become apparent. The Allan
deviation becomes smaller than 10~ after 40 s. Within 30 min
the level of nearly 1078 is reached. The stability of the whole
impedance bridge confirmed in practice the properties of the
SWG generators shown in section 2.2.

3.2. Digitally assisted bridges

In comparison to fully digital bridges the reference voltage
ratio in digitally assisted bridges is formed by replacing the
generators G2-A and G2-B with an inductive voltage divider
which shows up to 10 times superior long and short term
ratio stability than the SWG generators [9]. The corresponding
Allan deviation, in blue, nonetheless demonstrates the good
stability of the four SWG modules involved in the bridge cir-
cuits. The repeatability of this 10:1 ratio measurement was a
few parts in 10% within 15 min for both bridges. In the FD
bridge, the noise level is approximately two times larger.

3.3. AC QHR bridges

The CMI has selected a DA bridge to measure quantum Hall
resistances (QHRs) in the AC regime [18] and for the realiza-
tion of an AC quantum impedance standard [19], as described
in [12] in detail. With the help of continuous changes of the
sinewave signals in all synchronized generators, we investig-
ated the shape of the plateau in the AC regime, the longitudinal
resistance, and the frequency dependence of the GaAs-based
QHR device P743-2-4 (PTB). With the DA bridge, a basic
characterization of a double-shielded GaAs-based device can
be performed, and the value of the quantum Hall resistance
was measured with a relative uncertainty of a few parts in 108.
With proper handling nearly flat plateau centers were observed
between 1 and 4 kHz with the sample operating at a comparart-
ively high temperature of 4.2 K. The plateau width with a cur-
rent of 12 pA was about 0.1 T and remained independent of the
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applied frequency. The QHR sample has a frequency depend-
ence of about 0.17 uQ Q~! kHz~!.

4. The generator as a transfer standard for AC
quantum voltmeter on-site comparisons

The main parameters for an ideal AC source to be used as
a transfer standard for on-site inter-comparisons of quantum
voltage standards were listed in previous works [6, 20].
Ideally, the source should provide rms voltages from 10 mV
to 7 V, at frequencies ranging from 10 Hz to 2 kHz. The
amplitude needs to be stable at least over one set of meas-
urements in the comparison. Phase noise and jitter at its out-
put also affect the repeatability of the results and should be
as low as possible. Different AC quantum voltmeters recon-
struct the waveform being measured using samples along the
period and their results when measuring generators with large
to medium levels of harmonic content very strongly depends
on the sampling parameters. In particular, the results depend
on whether the harmonic content (glitches, residual constant
voltage steps on the output) are sampled or not. An ideal trans-
fer standard would generate no harmonic content, so the rms
value measured would be independent of what portions of the
period are sampled by the two systems [21].

PTB has evaluated the SWG generator as such a transfer
standard for on-site comparisons by measuring the stability of
the SWG output over the time required in an on-site compar-
ison for one set of measurements. Figure 11 shows the meas-
urement setup including the synchronization setup for the AC
quantum voltmeter [22, 23] and the synthesizer. The sampler
measures the difference waveform between the output of the
SWG and a stepwise approximated ‘copy’ from the program-
mable Josephson voltage standard operating at 4.2 K. As the
two waveforms are synchronized, the rms amplitude of the
SWG output can be calculated from the reconstructed wave-
form. The difference waveform acquired by the sampler is
at least 10 times smaller in amplitude than the reconstructed
waveform, which greatly reduced the the influence of sampler
errors on the rms measurement of the SWG output.

As described above the spectral purity and the absence of
glitches is crucial for sampling measurements. If one of these
essential characteristics is missing, different sampling para-
meters will provide different results and comparisons between
different sampling systems or thermal transfer devices cannot
be performed at the highest level of uncertainty.

Lee et al [21] have introduced a method to measure the
complete curve by sampling a full period in several steps.
An equivalent evaluation of glitches and residual steps on the
output waveform can be performed by changing the phase
angle between the waveform being measured and the Joseph-
son stepwise approximated copy. As the phase angle changes,
different portions of the period are used for the measurement
of the rms value. The results of such investigation are depicted
in figure 12. The visible variation of the rms values with phase
for SWG channel 1 (CHI, = 10 uV V~! per degree) and SWG
channel 2, which included an additional buffer and RC filter,
(=~ 4 uV V! per degree) clearly indicate that harmonics and
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Figure 11. Measurement setup for the characterization of the CMI
synthesizer. The blue (dotted) lines show the synchronization
signals.
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Figure 12. Phase variation with three different output
configurations for f = 976.5625 Hz and Vrms = 1 V.

glitches are an issue for the synthesizer. However, the graph
also clearly shows that an external LC filter (0.1 uF—100 nH—
1 uF) can reduce this dependence to less than 1 pV V~! per
degree.

The drawback of using the LC filter is visible in the Allan
deviation analysis shown in figure 5 (brown curve), as the sta-
bility of the output was greatly reduced. Despite this reduced
stability the minimum of the Allan deviation at 5 x 1078 is
already reached after 10-30 s and the level of 1077 after 300 s
which would be excellent for an AC voltage transfer device
in on-site quantum voltage comparisons. We have further ana-
lyzed the stability of the filter by repeating measurements, as
shown in figure 13 on the left side for a sweep of the relat-
ive phase between —1° and +1 °. If we correct the measure-
ments for the drift in time, voltage variations remain within
0.1 wV V~! for £0.5 ° phase variation (figure 13 on the right
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Figure 13. Left: Time trace for f = 976.5625 Hz and Vrms = 1 V phase measurements using the synthesizer output CH, + buffer + LC
filter configuration. Right: Phase dependence for the drift -corrected CH, + buffer 4 LC filter configuration. The shaded area indicates the

+0.1 puV-range.

side). It seems, that the SWG together with a dedicated fil-
ter is a promising alternative for future AC quantum voltmeter
comparison.

5. Conclusion

The metrological properties of the sine-wave generator SWG
developed at CMI were discussed. Experimental results have
shown that it can be a universal tool for building primary
impedance calibration setups. Its stability, resolution, spectral
purity, synchronization options, output ranges, and optional
battery operation have led to digitally assisted impedance
bridges with a relative uncertainty down to parts in 108, Fully
digital impedance bridges have achieved uncertainties of parts
in 107 level in the kHz range. For work with quantum Hall-
based AC impedance standards, excellent results for the char-
acterization of the Quantum Hall plateaux between 1 kHz and
4 kHz were achieved. Work on the application of the FD bridge
for a direct capacitance to resistance traceability chain is ongo-
ing [24]. A possible new application could also be to use the
generators with 10 or 20 MHz reference clock in a sampling
type bridge.

The amplitude linearity of the two channels in one module
was better than 2 V V~! of FS over voltage range from about
1 mV s up to 7 Vi, and the short-term stability of the ratio
between the two channels was up to 0.01 uV V! over 30 min
at frequencies around 1 kHz. The long-term stability between
different SWG modules was better than 6 uV V~! over four
years.

In addition to the application in impedance metrology,
the suitability of the SWG as a transfer standard for AC
quantum voltmeter or Josephson differential sampling on-site
inter-comparisons was investigated too. The uncertainty for
the measurement of the rms amplitude at 1 V and 1 kHz
remained below 0.1 uV V~! for measurements of up to one-
hour duration. Combined with a simple LC filter, the meas-
ured rms value remains independent of the phase angle to
the Josephson waveform over 1 degree with uncertainty for
the output amplitude of 0.1 pV V~!. The LC filter, however,

reduced the stability of the output amplitude to three minutes
and needs further improvement. Even though there is room to
improve the output filter stability, our investigations demon-
strate that the CMI generator, together with a dedicated fil-
ter, is a promising alternative for future AC quantum volt-
meter comparison at the level of parts in 107 (0.1 uV V—!) or
even better.
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